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"Magic bullets," Ehrlich\'s concept of small particles that could deliver active molecules to a specific site in the body, is still the principal driving force for nanoparticle (NP) development. NPs are not only attractive for the pharmaceutical field but also serve as reinforcements in high-performance materials. NPs can be produced by several methods, such as emulsion evaporation, solvent displacement, and emulsification diffusion. Among the solvent displacement methods, spray-drying has been used for many years as a technique for producing particles with regular size and morphology for different applications.[@b1] The advantages of the spray-drying technique include a simple and one-step approach to obtain particles in dry form, narrow particle size distribution, high yields directly from solution, scale-up capability, and low-energy consumption. Therefore, spray-drying has become an attractive method to create particles from different types of polymeric solutions[@b2] and is potentially applicable in the production of more sophisticated particles involving polymer complexes.

Stereocomplex (SC) formation in polymers is the association of pairs of optically active *S*- or *R*-polymers ([l]{.smallcaps}- and [d]{.smallcaps}-polymer forms) or between optically inactive syndiotactic and isotactic polymers. The stereoselective association depends on structural fitting and on the van der Waals forces between polymer chains.[@b3] SC in polymers has been reported between enantiomeric polylactides (PLAs),[@b4] isotactic and syndiotactic poly(methyl methacrylate)s (PMMAs),[@b5] and enantiomeric poly(2-hydroxybutyrates)s (PHBs).[@b6]

The SC of optically active PLA has a melting temperature (*T*~m~) between 210 and 230 °C, approximately 50 °C higher than that of the polymer of the pure enantiomeric form, and with a different organization of the crystalline lattice.[@b7] Recent work has explored developing a PLA stereocomplex (PLASC) by crystallization of block copolymers,\[[@b4]\],[@b8] casting of films from concentrated solutions,\[[@b4]\] melt blending processes,\[[@b4]\],[@b9] layer-by-layer deposition,\[[@b4]\] electrospinning,\[[@b4]\] and suspensions in organic solutions.\[[@b4]\],[@b10] PLASCs are formed from solution, in bulk state from the melt, during polymerization, and during degradation as long as [l]{.smallcaps}-lactyl and [d]{.smallcaps}-lactyl units with the required length[@b11] coexist in the system. The final physical and thermomechanical properties of the SC are highly dependent on both the degree of crystallinity and solid-state morphology. We have previously reported several methods to improve the limited thermomechanical properties of the quite commercially attractive PLA polymers.[@b12] Thus, the underlying reason for the large amount of interest in PLASC is its potential as an efficient solution to improve the properties of PLA, particularly thermal and hydrolysis resistance.[@b13] NPs of PLASC have been shown to enhance the mechanical and thermal stability of the host matrix.[@b14] However, the preparation of NPs currently involves complicated methods whereby surfactants or other adjuvants may remain in the particles after formation, usually resulting in a low yield of production.[@b15] Previous methods have focused on the SC formation in PLA without considering reproducibility and future scalability. Therefore search for controllable, high-yield, and less-expensive systems continues.

Our goal was to generate a controllable, scalable, and economical method to prepare NPs of PLA SC. To achieve this, we have focused on an already industrially established technology, namely spray drying. This process provides a direct approach to induce the formation of particles with controlled shape in a high-yield production, and thus should open the possibility for NPs formation. Our hypothesis was that, by screening PLA solutions in a wide range of concentrations, crystallization would occur under specific atomization and solvent evaporation conditions, leading to the formation of PLA particles with precise crystalline and morphological structures.

2 Results and Discussion
========================

The preparation of PLASC NPs by the spray-drying technique from enantiomeric PLA organic solutions was performed as depicted in [Figure 1](#fig01){ref-type="fig"}. The systems selected for particle formation permitted a comprehensive view of PLASC formation by the atomization process. Solutions consisting of pure PLLA, PDLA, PLA75 (PLLA/PDLA in a ratio of 75/25), and PLA50 (equimolar solution of PLLA and PDLA) were used. The variation of polymer concentration in the PLA solutions led to the gradual formation of pure SC crystallites. After atomization, the droplet converts into the dry particle form by solvent evaporation under an inert atmosphere. The speed of solvent evaporation depends on the temperature and flow of the carrier gas.

![Schematic representation of PLASC formation by spray-drying. PLA solutions (0.25 g/100 mL) in chloroform were pumped into the spray-dryer and directly atomized into fine droplets by forcing the fluid through a pressure nozzle. The droplets were then subjected to a very fast drying process and finally collected as a dry powder.](marc0035-1949-f1){#fig01}

SC formation does not occur merely by mixing equimolarly diluted PLLA and PDLA solutions. Stereoselective association occurs during solvent evaporation due to changes in the solution concentration. Here, it is demonstrated that, under a rapid solvent evaporation rate, pure SC crystallites are formed. SC has long been known to occur when the solvent evaporation rate is sufficiently slow, as a rapid rate of evaporation will not provide sufficient time for SC crystallite formation; thus, the polymer concentration instead reaches the critical level of homocrystallization, which is the case when inducing SC from solution casting where a rapid solvent evaporation results in two types of crystal populations.\[[@b7]\] Upon solvent evaporation, the polymer concentration first reaches the critical level of SC crystallite formation and then that of homocrystallite formation. During the spray-drying process, solvent evaporation occurs at such an elevated rate that there is no time for homocrystallites to form, which is translated as SC crystallites forming predominantly in equimolar solutions of PLLA and PDLA. PLA racemic crystallization, that is, SC, takes place more readily than homocrystallization, which is explained by its occurrence at lower polymer concentrations than for homocrystallization. This corroborates the suggestion that SC formation is thermodynamically more favorable than homocrystallization.[@b16] Throughout the spray-drying, as the solvent evaporation rate is fast, there is a rapid increase in the polymer concentration. The high density of SC crystallites that are initially formed act as nuclei for new SC crystallites under the increasing density of tie polymer chains with the increment of polymer concentration. This is explained by the intermolecular crystallization, which dominates in SC formation in equimolar solution of PLLA and PDLA upon solvent evaporation. Intermolecular crystallization causes an increase of the tie chains between the crystallites.[@b17]

During atomization, the droplet formation occurs immediately after the polymer solution passes through the nozzle. The surface area per unit increases, which raises the probability of interaction between PLLA and PDLA chain segments. These conditions enhance SC crystallite formation and increases the degree of crystallinity (*χ*~c~) and melting temperature (*T*~m~) of PLA above those of PLA composed of pure homocrystallites. The molar mass of the polymers also affects the formation of SC crystallites in equimolar mixtures of PDLA and PLLA in solution. PLA polymers with high molar mass are required for mechanical performance. Here, PLA with pure SC crystallites were produced with polymers having a molar mass over 150 kDa (Table[1](#tbl1){ref-type="table"}). Previous findings report that large hydrodynamic volume of PDLA and PLLA molecules retards SC crystallite formation, resulting in a large number of homocrystallites.[@b18] In this case, the high molar mass increases the nuclei density of crystallites formation during the solvent evaporation enhancing the SC formation.[@b17] The sizes of the particles obtained for PLLA and PDLA were all in the same range. Interestingly, SC particles were smaller in size due to the secondary forces between [l]{.smallcaps}-lactyl and [d]{.smallcaps}-lactyl units that influence particle size upon solvent evaporation. During SC formation, [l]{.smallcaps}- and [d]{.smallcaps}-chains have a particularly strong interaction where the chains are packed side-by-side, giving rise to a more dense packing of the crystalline structure.[@b19] The particle production yield (PPY*)* varied between 60% and 70% for all particles, confirming the efficacy of the technique for producing small particles in a single batch with high yield.[@b20]

###### 

Molar mass of the PLA materials before the spray-drying process, particle size, and dispersity after atomization, and particle production yield

  Sample   ![](marc0035-1949-m1.jpg)[a)](#tf1-1){ref-type="table-fn"} \[Da × 10^5^\]   *Đ*[a)](#tf1-1){ref-type="table-fn"}   Particle size[b)](#tf1-2){ref-type="table-fn"} \[nm\]   PDI[b)](#tf1-2){ref-type="table-fn"} \[nm\]   PPY[c)](#tf1-3){ref-type="table-fn"} \[%\]
  -------- --------------------------------------------------------------------------- -------------------------------------- ------------------------------------------------------- --------------------------------------------- --------------------------------------------
  PLLA     1.6 ± 0.07                                                                  1.2 ± 0.0                              443.4                                                   0.2                                           63
  PDLA     1.8 ± 0.05                                                                  1.1 ± 0.0                              435.1                                                   0.2                                           65
  PLA75    --                                                                          --                                     425.7                                                   0.2                                           70
  PLA50    --                                                                          --                                     364.8                                                   0.2                                           66

Determined by SEC

*z-*average value

Particle production yield determined by gravimetry.

Directly after the particles production, FT-Raman spectroscopy was performed to assure the SC formation before thermal analysis. SC is often traced by differential scanning calorimetry (DSC); however, the crystallinity obtained could be a combination of the induced crystallization from the DSC method and the true crystallinity of the sample leading to uncertain results. The driving force for the nucleation of PLA SC crystallites, first reported by Zhang et al., was explained by hydrogen bonding between the methyl groups and carbonyl oxygen in the chains.[@b21] In PLAs, O=C stretching is sensitive to variations in morphology and conformation. Spectroscopic differences were observed between the particle systems due to differences in helical conformations ([Figure 2](#fig02){ref-type="fig"}). The Raman line observed in PLLA assigned to the νC=O stretching mode was split into components observed at 1758, 1766, and 1772 cm^−1^. For PDLA, the νC=O stretching mode was split into components observed at 1757, 1768, and 1773 cm^−1^, respectively. In the spectrum of PLA75, the Raman lines were broad and asymmetric, showing two components at 1772 and 1752 cm^−1^. This behavior is due to pair addition mechanisms, commonly observed in less crystalline PLA materials.[@b22] In the case of PLA50, the spectrum showed a shift in the sharp peak observed at 1751 cm^−1^, with a broad diffusion band assigned to the characteristic νC=O stretching of the PLASC.[@b21],[@b23]

![Top: Raman spectra of PLLA, PDLA, PLA75, and PLA50 particles, with close look of the tacticity-sensitive band (1825--1700 cm^-1^ region). Bottom: DSC thermograms of the 1^st^ heating scan of particle systems PLLA, PDLA, PLA50, and PLA75, directly after particle formation.](marc0035-1949-f2){#fig02}

Thermal analysis of the particles ([Figure 2](#fig02){ref-type="fig"}) showed that the glass transition temperature (*T*~g~) and *T*~m~ increased during SC formation. PLLA and PDLA particles had a *T*~g~ of 56 and 57 °C and *T*~m~ of approximately 176 and 173 °C, respectively. PLA75 presented two melting peaks at 162 and 216 °C, corroborating the presence of racemic crystallization and homocrystallization during particle formation. Not only SCs were formed but also crystals with lower *T*~m~, most likely from the most abundant PLLA component. PLA50 exhibited a single melting peak at 226 °C, representing the formation of pure SC or racemic crystals. These findings are in agreement with the literature, in which an equimolar mixture of PLLA and PDLA favors crystal stereocomplexation.\[[@b3]\] Cold crystallization was observed for all particles. However, a small shoulder or exothermic peak was observed before the melting peak for the pure PLLA and PDLA samples. Ohtani et al.[@b24] concluded that, for PLA, the exothermic peak at low temperature upon heating is due to cold crystallization, and the second exothermic peak at higher temperature before the melting peak occurs due to a phase transition from the β-form to a more stable α-form. When crystallization occurs at higher temperatures, as for PLA75 and PLA50, no such phase transition was observed. Indicative *χ*~c~ values were obtained for all samples from thermal analysis measurements. The particles presented *χ*~c~ of 57% and 52% for pure PLLA and PDLA, respectively. Variation in the concentration of [l]{.smallcaps}-lactyl and [d]{.smallcaps}-lactyl units in PLA75 gave a total *χ*~c~ value of 38%, taking into consideration the contribution of both the SC and homocrystallites formed. There is a decrease in *χ*~c~ due to the disorder introduced by the [d]{.smallcaps}-units in a polymer rich with [l]{.smallcaps}-units. When reaching the equimolar concentration of [l-]{.smallcaps}lactyl and [d]{.smallcaps}-lactyl units in PLA50, *χ*~c~ was again 56%, demonstrating the formation of pure SC crystallites.

The topographies of the particles were analyzed using tapping-mode imaging in atomic force microscopy (AFM) ([Figure 3](#fig03){ref-type="fig"}); the root-mean-square roughness (*R*~q~) of the surfaces was calculated using three representative topographical images of each sample. All particles showed one uniform phase, with different surface roughnesses for each material. These differences in the roughness are possibly due to the variances in the crystallinity of the samples, as indicated in thermal analysis measurements. The morphology of the particle surfaces ([Figure 3](#fig03){ref-type="fig"}) shows that small spherical particles were obtained in all cases by the spray-drying technique. In all cases, dispersity in the particle size was observed. In the spray-dryer, the droplets are subjected to a turbulent gas flow through the chamber, which leads to differences in drying degree, and hence, a slight non-homogeneity in particle size and morphology can be obtained. Here, in all cases, the major population showed homogeneous size distribution and spherical shape.

![Top: Representative AFM height image of PLA50. All AFM images were scanned over a 2 × 2 μm^2^ area. Bottom: SEM images of PLA particle systems.](marc0035-1949-f3){#fig03}

3 Conclusions
=============

An efficient method to obtain biodegradable NPs of PLASC by spray-drying atomization was successfully achieved with well-defined parameters. Spherical particles in the nanosize range were obtained in high yield for all systems. Pure SC crystallites in the PLA NPs were formed at a specific polymeric solution concentration and defined atomization and solvent evaporation conditions. The best formulation was obtained when PLLA and PDLA polymers with a molar mass of ca. 1.8 × 10^5^ Da were in an equimolar ratio in the solution. Raman and thermal properties of the particles confirmed that, for solutions of pure PLLA and PDLA, homocrystallization occurs. In the case of the non-equimolar solution PLA75, SC crystallization and homocrystallization occurred during solvent evaporation. The equimolar PLA50 solution shows pure racemic or SC crystallization during solvent evaporation. Homocrystallization was observed when the concentration of PDLA and PLLA in the solution deviates from the 0.5 level. Crucial parameters that affect SC formation are the mixing ratio and molar mass of the [l]{.smallcaps}-lactyl and [d]{.smallcaps}-lactyl units. These findings suggest production scalability of NPs of PLASC for advanced material formulations.
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